Scandium oxide (Sc 2 O 3 ) thin films with different numbers of oxygen defects were prepared by ion-beam sputtering under different oxygen flow rates. The results showed that the oxygen defects heavily affected crystal phases, optical properties, laser-induced damage threshold (LIDT) and surface quality of Sc 2 O 3 films. The thin film under 0 standard-state cubic centimeter per minute (sccm) oxygen flow rate had the largest number of oxygen defects, which resulted in the lowest transmittance, LIDT and the worst surface quality. In addition, the refractive index of 0 sccm Sc 2 O 3 film could not be measured in the same way. When the oxygen flow rate was 15 sccm, the Sc 2 O 3 film possessed the best transmittance, refractive index, LIDT and surface roughness due to the lowest number of oxygen defects. This work elucidated the relationship between oxygen defects and properties of Sc 2 O 3 films. Controlling oxygen flow rate was an important step of limiting the number of oxygen defects, which is of great significance for industrial production.
Introduction
Scandium oxide (Sc 2 O 3 ) is an important kind of optical compound and is considered to be one of the most promising optical materials due to the high refractive index in the UV wavelength range [1] [2] [3] . Moreover, it has high damage resistance to laser irradiation, which is of high importance for high-power laser applications [2, 4, 5] . A wide band gap is another characteristic of Sc 2 O 3 , which linearly correlates with the laser-induced damage threshold [6] . With these advantages, various applications of Sc 2 O 3 films have been achieved, such as quarter-wave stacks [2] , antireflection coatings for high-power UV lasers [2, 7] , high-reflection multilayer coatings in light-emitting diodes (LEDs) [2] and resist materials in electron beam lithography [8] .
There are many methods for the deposition of Sc 2 O 3 films, such as thermal oxidation of freshly evaporated scandium [9] , electron beam evaporation (EBE) [10, 11] , atomic layer deposition (ALD) [12, 13] , molecular beam epitaxy [14] , chemical vapor deposition (CVD) [15, 16] , pulsed laser deposition [17] , high pressure sputtering [18] , radio frequency (RF) magnetron sputtering of Sc 2 O 3 target [19] and reactive magnetron sputtering (RMS) of Sc metal target [20] . As one of the important methods for the preparation of thin films, ion-beam sputtering (IBS) has its own unique advantages. The technique of IBS can be applied to high-melting-point materials. IBS opens up new routes for the accurate control of transmittance and refractive index of film. In addition, thin films prepared by IBS technique possess higher surface quality and ultralow loss in comparison with other deposition techniques.
Recently, a major problem has attracted great attention during the IBS deposition process. The oxidation degree of the growing layer is changed because of different oxygen flow rates [21] . In this case, oxygen defects will be formed in films. Krous et al. [22] indicated that there are oxygen defects in Sc 2 O 3 films deposited by IBS. Langston et al. [3] shown that a correlation exists between the oxygen interstitials in Sc 2 O 3 films and optical absorption in the films. Fu et al. [5] studied the laser-induced damage of Sc 2 O 3 -SiO 2 mixtures for sub-picosecond pulses. These studies do not fully reveal the influence of oxygen defects on Sc 2 O 3 films. As one of the most promising optical films, optical properties (transmittance and refractive index) of Sc 2 O 3 thin films are very important in practical applications. Moreover, laser-induced damage threshold (LIDT) is also of great significance, representing the resistance ability of optical materials for laser beam. However, up to now, no effort has been made to study the influence of oxygen defects formed during the preparation process of Sc 2 O 3 films by IBS on the optical performances and LIDT (355 nm) irradiated by the laser beams with the pulses width of 9.2 ns full width at half maximum (FWHM) in the nanosecond regime.
In this work, Sc 2 O 3 thin films are prepared by the IBS technique. During the preparation process, varied oxygen flow rates are used to produce different numbers of oxygen defects in films. The purpose of this work is to compare the peak shifts of crystal phases, optical performances, LIDT (355 nm) and surface quality of Sc 2 O 3 films under different oxygen flow rates. The comparison aims to discover the effect of oxygen defect on the properties of Sc 2 O 3 films, which can give guidance for the preparation of high-quality Sc 2 O 3 films in actual production.
Experimental Details

Sample Preparation
Conventional cleaning procedures were taken before the substrates were put into coating chamber. Sc 2 O 3 films were deposited on SiO 2 substrates by IBS, as shown in Figure 1a . The base pressure was below 5 × 10 −7 Torr and created by the coating equipment, which was a combination of a mechanical pump and a cryopump. The chamber volume was 1000 L. The pumping speed of the cryopump was 10,000 L/s and would determine the oxygen residence time, which was the intrinsic property and would determine the film composition. A target of Sc 2 O 3 with 99.99% purity was sputtered by a radio-frequency ion source with Ar gas. The target power density 6.5 W/cm 2 and the Ar flow rate was 20 sccm. In addition, the deposition rate of Sc 2 O 3 films was 0.06 nm/s, and the thickness of films was 200 nm, which was controlled by an in situ broadband optical monitoring system. During the deposition process, different oxygen flow rates (0, 15, 25, 35 and 45 sccm) were used to produce different numbers of oxygen defects in films, and an active feedback control system was used to control oxygen flow rates. In this research, all gases used for deposition were over 99.999% purity.
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Experimental Details
Sample Preparation
Conventional cleaning procedures were taken before the substrates were put into coating chamber. Sc2O3 films were deposited on SiO2 substrates by IBS, as shown in Figure 1a . The base pressure was below 5 × 10 −7 Torr and created by the coating equipment, which was a combination of a mechanical pump and a cryopump. The chamber volume was 1000 L. The pumping speed of the cryopump was 10,000 L/s and would determine the oxygen residence time, which was the intrinsic property and would determine the film composition. A target of Sc2O3 with 99.99% purity was sputtered by a radio-frequency ion source with Ar gas. The target power density 6.5 W/cm 2 and the Ar flow rate was 20 sccm. In addition, the deposition rate of Sc2O3 films was 0.06 nm/s, and the thickness of films was 200 nm, which was controlled by an in situ broadband optical monitoring system. During the deposition process, different oxygen flow rates (0, 15, 25, 35 and 45 sccm) were used to produce different numbers of oxygen defects in films, and an active feedback control system was used to control oxygen flow rates. In this research, all gases used for deposition were over 99.999% purity. 
Film Characterization
The elemental composition of films was investigated by X-ray photoelectron spectroscopy (XPS) using a XSAM800 spectrometer (Shimadzu, Kyoto, Japan). In order to reduce test errors, the peak positions of elements were calibrated from the hydrocarbon contamination using the C 1s peak at 284.6 eV, which is usually used as standard peak position in XPS spectra. All Sc 2 O 3 thin films were treated by Ar + ions bombardment in order to eliminate contributions of surface contamination by organic compounds and atmospheric oxidation [22] .
To determine crystal phase composition of films, X-ray diffraction (XRD) measurements of samples were performed using an EMPYREAN diffractometer (Panalytical, Almelo, Netherlands). The grazing incidence (GIXRD) method was used in a 2θ range of 20 • to 55 • . The angle between the collimated X-ray beam and the sample surface was adjusted to 0.5 • .
Optical constants (absorption coefficients and band gaps) were determined from transmittance spectra. The transmittance spectra were measured by spectrophotometric technique (PerkinElmer's Lambda 950 spectrophotometer, Waltham, MA, USA). The refractive index spectra were measured by GES-5E ellipsometer (Semilab, Budapest, Hungary).
Laser damage resistance of films under irradiation had been tested by one-on-one mode, as shown in Figure 1b . In brief, the beam (9.2 ns FWHM) generated from a 355 nm Nd:YAG laser was focused to form a 0.15 mm 1/e diameter spot on every film plane. One hundred different sites were chosen with an interval of 2 mm on each sample plane. Each site was irradiated with 200 pulses (1 Hz). After irradiation, every site was examined to detect the extent of damage by optical microscope. The ratio of the damage sites to all sites at certain energy was used as the damage probability at this certain energy. The zero-damage probability (X-axis intersection) was obtained by linear extrapolation of the damage probability data, and then it was used as the LIDT.
The surface quality of each film was imaged using atomic force microscopy (AFM, Bruker, Karlsruhe, Germany), over a 5 × 5 µm 2 scan area. The root mean square of surface roughness, R q , was obtained from the AFM image.
Results
The XPS study was performed in order to examine the stoichiometry of Sc 2 O 3 films. The high-resolution XPS spectra of O 1s and the atomic percent of oxygen defect are shown in Figure 2 . For each Sc 2 O 3 film, the presence of O 1s peaks at different chemical shifts suggests that the O atoms have two types of chemical environment. The peak for E b at 529.7 eV corresponds to Sc-O-Sc, and the peak for E b at 531.2 eV corresponds to oxygen atom of oxygen defect. The atomic percent of each O atom is calculated using the area of O 1s peak [23] . Through analysis of the area of oxygen defect, it is found that the number of oxygen defects decreases sharply at first. When oxygen flow rate is over 15 sccm, oxygen defect increases slowly with the increase of oxygen flow rate.
The XRD patterns taken from Sc 2 O 3 films under different oxygen flow rates are presented in Figure 3a . The peaks appearing in the XRD profiles can be indexed to the (222) and (440) planes of Sc 2 O 3 . For the amorphous metal oxide, phase formation is easy with a small amount of oxygen from residual atmosphere in the deposition chamber [24, 25] because Sc 2 O 3 has large standard molar enthalpy of formation (−1908.8 kJ/mol) indicating Sc 2 O 3 has a strong oxygen affinity [26] . Moreover, the positions of (222) and (440) peaks in 0 sccm sample shift towards smaller angles, which is correlated with increased compressive stress caused by oxygen defects. Oxygen defects include oxygen vacancies and interstitial oxygen. Oxygen vacancies will produce tensile stress, which will shrink lattice and increase angles of peaks. Interstitial oxygen will produce compressive stress, which will expand lattice and decrease angles of peaks. In this experiment, compressive stress created by interstitial oxygen is much larger than tensile stress produced by oxygen vacancies, so the stress in samples is compressive Coatings 2019, 9, 517 4 of 9 stress which causes the positions of (222) and (440) peaks to shift towards smaller angles. Compressive stress in films can be evaluated by the Atkinson formula [27] :
where t s and t f are the thickness of the substrate and film, respectively. R 1 and R 2 are radius of curvature before and after deposition, respectively. E s is the Young's modulus, and γ s is the Poisson coefficient of the fused silica substrate.
After irradiation, every site was examined to detect the extent of damage by optical microscope. The ratio of the damage sites to all sites at certain energy was used as the damage probability at this certain energy. The zero-damage probability (X-axis intersection) was obtained by linear extrapolation of the damage probability data, and then it was used as the LIDT. The surface quality of each film was imaged using atomic force microscopy (AFM, Bruker, Karlsruhe, Germany), over a 5 × 5 μm 2 scan area. The root mean square of surface roughness, Rq, was obtained from the AFM image.
The XPS study was performed in order to examine the stoichiometry of Sc2O3 films. The high-resolution XPS spectra of O 1s and the atomic percent of oxygen defect are shown in Figure 2 . For each Sc2O3 film, the presence of O 1s peaks at different chemical shifts suggests that the O atoms have two types of chemical environment. The peak for Eb at 529.7 eV corresponds to Sc-O-Sc, and the peak for Eb at 531.2 eV corresponds to oxygen atom of oxygen defect. The atomic percent of each O atom is calculated using the area of O 1s peak [23] . Through analysis of the area of oxygen defect, it is found that the number of oxygen defects decreases sharply at first. When oxygen flow rate is over 15 sccm, oxygen defect increases slowly with the increase of oxygen flow rate. The XRD patterns taken from Sc2O3 films under different oxygen flow rates are presented in Figure 3a . The peaks appearing in the XRD profiles can be indexed to the (222) and (440) planes of Sc2O3. For the amorphous metal oxide, phase formation is easy with a small amount of oxygen from residual atmosphere in the deposition chamber [24, 25] because Sc2O3 has large standard molar enthalpy of formation (−1908.8 kJ/mol) indicating Sc2O3 has a strong oxygen affinity [26] . Moreover, the positions of (222) and (440) peaks in 0 sccm sample shift towards smaller angles, which is correlated with increased compressive stress caused by oxygen defects. Oxygen defects include oxygen vacancies and interstitial oxygen. Oxygen vacancies will produce tensile stress, which will shrink lattice and increase angles of peaks. Interstitial oxygen will produce compressive stress, which will expand lattice and decrease angles of peaks. In this experiment, compressive stress created by interstitial oxygen is much larger than tensile stress produced by oxygen vacancies, so the stress in samples is compressive stress which causes the positions of (222) and (440) peaks to shift towards smaller angles. Compressive stress in films can be evaluated by the Atkinson formula [27] : Transmittance spectra of Sc 2 O 3 thin films under different oxygen flow rates are given in Figure 4a . It is found that when oxygen flow rate is less than 15 sccm, transmittance increases with the increase of oxygen flow rate. When oxygen flow rate is higher than 15 sccm, transmittance of films does not change obviously. Such a result proved that transmittance of Sc 2 O 3 thin films is associated with oxygen flow rate. Figure 4b 25 oxygen flow rate is slightly higher than those of others. The refractive index of Sc 2 O 3 film under 0 sccm has not been shown here due to the fact that its refractive index cannot be obtained in the same way. Free electrons in films are trapped by oxygen defects (vacancies) to form F and F + centers [28] . An F center is equivalent to a pair of electrons in combination with an oxygen vacancy, and an F + center is the sum of an electron and a vacancy, so more F and F + centers will form when more oxygen defects are formed in films. The F and F + center located in films make materials strongly absorbent (see Figure 5a ), which heavily affects transmittance and refractive index of thin films. This is the reason why the transmittance of film under 0 oxygen flow rate is much lower than that of other samples, and the refractive index of thin film under 0 sccm flow rate cannot be obtained in the same way. Transmittance spectra of Sc2O3 thin films under different oxygen flow rates are given in Figure 4a . It is found that when oxygen flow rate is less than 15 sccm, transmittance increases with the increase of oxygen flow rate. When oxygen flow rate is higher than 15 sccm, transmittance of films does not change obviously. Such a result proved that transmittance of Sc2O3 thin films is associated with oxygen flow rate. Figure 4b is refractive index spectra of Sc2O3 films prepared under different oxygen flow rates. In order to improve the test accuracy of refractive index, five samples are measured at each oxygen flow rate, and the reproducibility of refractive index is 1. On the whole, refractive indexes of Sc2O3 films under different oxygen flow rates are similar, although the refractive index of Sc2O3 film under 25 oxygen flow rate is slightly higher than those of others. The refractive index of Sc2O3 film under 0 sccm has not been shown here due to the fact that its refractive index cannot be obtained in the same way. Free electrons in films are trapped by oxygen defects (vacancies) to form F and F + centers [28] . An F center is equivalent to a pair of electrons in combination with an oxygen vacancy, and an F + center is the sum of an electron and a vacancy, so more F and F + centers will form when more oxygen defects are formed in films. The F and F + center located in films make materials strongly absorbent (see Figure 5a ), which heavily affects transmittance and refractive index of thin films. This is the reason why the transmittance of film under 0 oxygen flow rate is much lower than that of other samples, and the refractive index of thin film under 0 sccm flow rate cannot be obtained in the same way. Transmittance spectra of Sc2O3 thin films under different oxygen flow rates are given in Figure 4a . It is found that when oxygen flow rate is less than 15 sccm, transmittance increases with the increase of oxygen flow rate. When oxygen flow rate is higher than 15 sccm, transmittance of films does not change obviously. Such a result proved that transmittance of Sc2O3 thin films is associated with oxygen flow rate. Figure 4b is refractive index spectra of Sc2O3 films prepared under different oxygen flow rates. In order to improve the test accuracy of refractive index, five samples are measured at each oxygen flow rate, and the reproducibility of refractive index is 1. On the whole, refractive indexes of Sc2O3 films under different oxygen flow rates are similar, although the refractive index of Sc2O3 film under 25 oxygen flow rate is slightly higher than those of others. The refractive index of Sc2O3 film under 0 sccm has not been shown here due to the fact that its refractive index cannot be obtained in the same way. Free electrons in films are trapped by oxygen defects (vacancies) to form F and F + centers [28] . An F center is equivalent to a pair of electrons in combination with an oxygen vacancy, and an F + center is the sum of an electron and a vacancy, so more F and F + centers will form when more oxygen defects are formed in films. The F and F + center located in films make materials strongly absorbent (see Figure 5a ), which heavily affects transmittance and refractive index of thin films. This is the reason why the transmittance of film under 0 oxygen flow rate is much lower than that of other samples, and the refractive index of thin film under 0 sccm flow rate cannot be obtained in the same way. LIDTs of Sc2O3 films under different oxygen flow rates have been tested by one-on-one. The results of one-on-one tests are given in Table 1 . The LIDT of Sc2O3 film under 15 sccm oxygen flow rate is the highest up to 7.2 J/cm 2 . However, the LIDT of Sc2O3 film under 0 sccm oxygen flow rate is below 1 J/cm 2 . The findings confirm that LIDT of the sample is closely related to oxygen flow rate LIDTs of Sc 2 O 3 films under different oxygen flow rates have been tested by one-on-one. The results of one-on-one tests are given in Table 1 . The LIDT of Sc 2 O 3 film under 15 sccm oxygen flow rate is the highest up to 7.2 J/cm 2 . However, the LIDT of Sc 2 O 3 film under 0 sccm oxygen flow rate is below 1 J/cm 2 . The findings confirm that LIDT of the sample is closely related to oxygen flow rate and oxygen defect. Before elaborating on the effect of oxygen defect on LIDT, the band gaps of all samples are calculated firstly using the following equation [29] :
where α is the absorption coefficient, A is a constant, hν is photon energy, E g is the calculated band gap, and m is 1/2, 2 or 3/2, which depends on the nature of band gap: Direct, indirect or forbidden, respectively [30] . The absorption coefficient, α, is obtained using the following equation [31] :
where d is the physical thickness of films and T is the transmittance. The absorption coefficients of Sc 2 O 3 films under different oxygen flow rates are shown in Figure 5a . In the prepared films, the optical absorption coefficients are found to be greater than 10 5 cm −1 , which is consistent with the direct band gap. Figure 5b shows the calculated band gaps of different samples. The 0 sccm sample has the lowest band gap of 4.52 eV, whereas the 15 sccm sample has the highest band gap of 6.05 eV. Both band gaps of 25 sccm and 35 sccm samples are 6.01 eV, and 45 sccm sample also has a higher band gap of 6.00 eV.
Previous studies have shown that the LIDT of optical film linearly correlates with the band gap of the film [6] . Therefore, film with a wider band gap possesses a higher LIDT. On the other hand, the differences of band gaps are derived from oxygen vacancies. In the experiment, there are some nanoprecursors in samples, and the nanoprecursors are derived from the partially oxidized scandium clusters related to oxygen content, oxygen residence time and many other factors. The nanoprecursors of scandium clusters can provide free electrons in films, but oxygen vacancies will capture electrons in films, which causes a decrease in the concentration of electrons. According to Burstein-Moss (BM) shift [32] :
where m vc is the effective mass of the electron, n e is the electron concentration,h is the reduced Planck constant. The decreasing concentration of free electron leads to a narrower band gap [33] , so the sample under 15 sccm flow rate embraces the highest band gap due to the lowest number of oxygen defects, and the sample under 0 sccm flow rate has the lowest band gap because of the largest number of oxygen defects. Therefore, the increasing number of oxygen defects will heavily decrease the band gap of thin film, resulting in a lower LIDT.
The surface morphologies of the Sc 2 O 3 thin films under different oxygen flow rates are observed by AFM, which gives microscopic information about the surface structure of thin films and the plots of surface relief [34] . As shown in Figure 6b there are many defects on the surface of 0 sccm sample. Defects will increase surface roughness and lead to a rough surface. This can be proven by Figure 6f , which represents that the root mean square of film surface roughness, R q , decreases with the decreasing of defects on the surface of samples. Compared with other samples, the R q (0.393 nm) of 15 sccm sample is the lowest, but the R q of 0 sccm sample reaches up to 0.956 nm. This result further proves the result of XPS representing that the number of oxygen defects heavily affects characteristics of films. In addition, it is interesting that there are similar steep descents on the left side of Figures 6f and 2f , but the slopes are closer in absolute value in Figure 6f than in Figure 2f , which may be derived from the test errors. We will explore more closely the neighborhood of the minimum at 15 sccm in future work.
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Therefore, the increasing number of oxygen defects will heavily decrease the band gap of thin film, resulting in a lower LIDT.
The surface morphologies of the Sc2O3 thin films under different oxygen flow rates are observed by AFM, which gives microscopic information about the surface structure of thin films and the plots of surface relief [34] . As shown in Figure 6b , 15 sccm sample possesses a very smooth surface. However, there are many defects on the surface of 0 sccm sample. Defects will increase surface roughness and lead to a rough surface. This can be proven by Figure 6f , which represents that the root mean square of film surface roughness, Rq, decreases with the decreasing of defects on the surface of samples. Compared with other samples, the Rq (0.393 nm) of 15 sccm sample is the lowest, but the Rq of 0 sccm sample reaches up to 0.956 nm. This result further proves the result of XPS representing that the number of oxygen defects heavily affects characteristics of films. In addition, it is interesting that there are similar steep descents on the left side of Figures 6f and 2f , but the slopes are closer in absolute value in Figure 6f than in Figure 2f , which may be derived from the test errors. We will explore more closely the neighborhood of the minimum at 15 sccm in future work. 
Conclusions
In conclusion, Sc2O3 thin films were prepared by IBS under different oxygen flow rates. The results provided insights into the complex relationships between oxygen defect and the characteristics of the deposited Sc2O3 films. When the oxygen flow rate was 0 sccm, the existence of numerous oxygen defects produced huge stress, which caused the positions of (222) and (440) peaks in Sc2O3 film to shift towards smaller angles. The worst transmittance, LIDT and surface roughness were also derived from the largest number of oxygen defects in 0 sccm Sc2O3 film. Moreover, the refractive index of 0 sccm Sc2O3 film could not be obtained in the same way due to F and F + centers caused by oxygen vacancies. While the oxygen flow rate reached 15 sccm, Sc2O3 film had the best transmittance, refractive index, LIDT and surface roughness due to the lowest number of oxygen defects. The results indicated that oxygen defect played an important role in affecting the crystal 
In conclusion, Sc 2 O 3 thin films were prepared by IBS under different oxygen flow rates. The results provided insights into the complex relationships between oxygen defect and the characteristics of the deposited Sc 2 O 3 films. When the oxygen flow rate was 0 sccm, the existence of numerous oxygen defects produced huge stress, which caused the positions of (222) and (440) peaks in Sc 2 O 3 film to shift towards smaller angles. The worst transmittance, LIDT and surface roughness were also derived from the largest number of oxygen defects in 0 sccm Sc 2 O 3 film. Moreover, the refractive index of 0 sccm Sc 2 O 3 film could not be obtained in the same way due to F and F + centers caused by oxygen vacancies. While the oxygen flow rate reached 15 sccm, Sc 2 O 3 film had the best transmittance, refractive index, LIDT and surface roughness due to the lowest number of oxygen defects. The results indicated that oxygen defect played an important role in affecting the crystal phases, optical properties, LIDT and surface quality of Sc 2 O 3 films. Limiting the oxygen flow rate was a necessary step of decreasing the number of oxygen defects.
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